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We have made a detailed temperature-dependent photoemission study of VO2/TiO2(001) thin
films, which show a metal-insulator transition at ∼ 300 K. Clean surfaces were obtained by anneal-
ing the films in an oxygen atmosphere. Spectral weight transfer between the coherent and incoherent
parts accompanying the metal-insulator transition was clearly observed. We also observed a hys-
teretic behavior of the spectra for heating-cooling cycles. We have derived the “bulk” spectrum of
the metallic phase and found that it has a strong incoherent part. The width of the coherent part
is comparable to that given by band-structure calculation in spite of its reduced spectral weight,
indicating that the momentum dependence of the self-energy is significant. This is attributed to
by ferromagnetic fluctuation arising from Hund’s rule coupling between different d orbitals as orig-
inally proposed by Zylbersztejn and Mott. In the insulating phase, the width of the V 3d band
shows strong temperature dependence. We attribute this to electron-phonon interaction and have
reproduced it using the independent boson model with a very large coupling constant.
PACS numbers: 71.30.+h, 71.20.Ps, 71.38.-k, 79.60.-i
I. INTRODUCTION
To elucidate the physical properties of Mott-Hubbard
systems has been one of the most challenging subjects
in condensed matter physics and has continued to pose
controversial theoretical as well as experimental issues.
In this respect, the single-particle spectral function of
transition-metal oxides, particularly of early transition-
metal oxides, is of fundamental importance in the physics
of Mott-Hubbard systems. In fact, the coexistence of the
coherent part [the quasi-particle (QP) band] and the in-
coherent part (a remnant of the upper and lower Hubbard
bands) in the spectral function and spectral weight trans-
fer between them as a function of electron correlation
strength U/W , where U is the Coulomb repulsion energy
and W is the bandwidth, are a remarkable manifestation
of electron correlation as identified in the photoemission
spectra of V and Ti oxides.1,2 Theoretically, dynami-
cal mean-field theory (DMFT) applied to the Hubbard
model has successfully reproduced these characteristic
features.3 Comparison between experiment and theory,
however, has not been straightforward. In DMFT, the
self-energy is necessarily local, and therefore the density
of states (DOS) at the Fermi level (EF), namely, the spec-
tral intensity at EF remains the same as that of the non-
interacting system and electron correlation effect man-
ifests itself as the narrowing of the coherent QP band.
Experimentally, the reduction of the DOS at EF rather
than the narrowing of the coherent part was observed in
the photoemission spectra of Ca1−xSrxVO3, suggesting
the importance of the momentum dependence of the self-
energy.1,2 However, a recent “bulk-sensitive” photoemis-
sion study of the same compounds has shown that the QP
band is indeed narrowed and the DOS at EF remains un-
changed from that predicted by band-structure calcula-
tion, indicating that the self-energy is nearly momentum-
independent as assumed in DMFT.4 In the present work,
we have studied another typical Mott-Hubbard system
VO2, which undergoes a metal-insulator transition as
a function of temperature, and examined the spectral
function of the “bulk” to see whether the self-energy is
momentum-independent or not. Our results have shown
that the self-energy is momentum-dependent, probably
due to ferromagnetic fluctuations arising from the multi-
orbital nature of the V 3d band of the rutile structure.
VO2 is well-known for its first-order metal-insulator
transition (MIT) at 340 K.5 The transition is accompa-
nied by a structural transition. In the high temperature
metallic phase it has a rutile structure while in the low
temperature insulating phase (M1 phase) the V atoms
dimerize along the c-axis and the dimers twist, result-
ing in a monoclinic structure. The magnetic susceptibil-
ity changes from paramagnetic to nonmagnetic in going
from the metallic to the insulating phases. Hence, this
transition is analogous to a Peierls transition and in fact
the importance of electron-phonon interaction has been
demonstrated by Raman scattering6 and x-ray diffrac-
tion7 studies. On the basis of local-density approxima-
tion (LDA) band-structure calculation, Wentzcovitch et
al.8 concluded that the insulating phase of VO2 is an or-
dinary band (Peierls) insulator. On the other hand, the
magnetic susceptibility of the high-temperature metallic
phase is unusually high and temperature dependent, in-
dicating the importance of electron-electron correlation.
Furthermore, Cr-doped VO2 or pure VO2 under uniaxial
pressure in the [110] direction of the rutile structure has
2another monoclinic insulating phase called M2 phase. In
the M2 phase, half of the V atoms form pairs and the
other half form zig-zag chains.9 While the V atoms in
the pairs are nonmagnetic, those in the zig-zag chains
have local moment and are regarded as one-dimensional
Heisenberg chains according to an NMR study10. Based
on these observations for the M2 phase, Rice et al.
11
objected Wentzcovitch et al.’s argument. Thus it still
remains highly controversial whether the MIT of VO2
is driven by electron-phonon interaction (resulting in a
Peierls insulator) or electron-electron interaction (result-
ing in a Mott insulator forming a spin-Peierls-like state).
To deal with the above problems, photoemission spec-
troscopy is a powerful technique and in fact has been ex-
tensively applied to this material.12,13,14,15,16,17,18 How-
ever, detailed photoemission studies of the MIT has been
hampered because the transition temperature of bulk
VO2 is rather high and therefore it is difficult to keep
the surface clean in an ultra-high vacuum for the high-
temperature metallic phase. Also, because the transi-
tion is strongly first-order with the structural change,
the sample is destroyed when it crosses the MIT and one
can go through the transition only once for one sample.
In this work, we have avoided those experimental dif-
ficulties by using thin film samples epitaxially grown on
TiO2(001) surfaces using the pulsed laser deposition tech-
nique.19 After having obtained a clean surface by oxy-
gen annealing, the surface remained fairly stable for sev-
eral hours even in the high-temperature metallic phase
and allowed us to study detailed temperature-induced
changes both in the metallic and insulating phases in-
cluding the hysteretic behavior across the MIT. Spec-
tral weight transfer between the coherent and incoherent
parts of the V 3d spectral function accompanying the
metal-insulator transition was clearly observed. We have
attempted to deduce the “bulk” photoemission spectrum
by subtracting surface contributions from the measured
spectra. We compare the “bulk” spectrum with the
band-structure calculation to discuss electron correlation
in the metallic phase, particularly possible momentum
dependence of the self-energy. We have also found a
strong temperature dependence in the spectra of the insu-
lating phase and attributed it to strong electron-phonon
interaction.
II. EXPERIMENTAL
VO2/TiO2(001) thin films were prepared using the
pulsed laser deposition technique as described in Ref. 19.
A V2O3 pellet was used as a target. During the de-
position, the substrate temperature was kept at 733 K
and oxygen pressure was maintained at 1.0 Pa. The film
thickness was about 10 nm. The epitaxial growth was
confirmed by four-cycle x-ray diffraction (XRD) measure-
ments and the MIT was confirmed by electrical resistiv-
ity measurements showing a jump of about thee orders
of magnitude. The transition temperature in the films
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FIG. 1: O 1s and V 2p core-level XPS spectra of
VO2/TiO2(001) thin film.
was 295 K on heating cycle and 285 K on cooling cy-
cle, while the MIT occurs at 340 K in bulk samples.5
The reduced MIT temperature of the films is due to the
compressive strain from the TiO2 substrate.
19 Bulk VO2
single crystals were prepared by the chemical vapor trans-
port method and measured as described in Ref. 18.
X-ray photoemission spectroscopy (XPS) and ultra-
violet photoemission spectroscopy (UPS) measurements
were performed using the Mg Kα line (hν = 1253.6 eV)
for XPS and the He I resonance line (hν = 21.2 eV) for
UPS with a VSW hemispherical analyzer. Estimation of
the instrumental resolution and binding energy calibra-
tion were made by measuring gold spectra. The total
energy resolution was ∼ 0.8 eV for XPS and ∼ 30 meV
for UPS. Clean surfaces were obtained by annealing the
films in a preparation chamber connected to the spec-
trometer at 643 K under ∼ 1 Pa oxygen atmosphere for
1 hour prior to the photoemission measurements.
III. RESULTS
Figure 1 shows the O 1s and V 2p core-level XPS spec-
tra of a VO2/TiO2(001) film taken at room tempera-
ture. Contributions from the Mg Kα3 and Kα4 satel-
lites have been subtracted. The O 1s peak shows a single
peak without any contamination signals at higher binding
energies, indicating that the surface became sufficiently
clean by the above procedure.
Figure 2 shows the valence-band UPS spectra of
VO2/TiO2(001) taken at 300 K and 280 K. The sec-
ondary electron background has been subtracted follow-
ing the procedure of Li and Henrich.20 The structures
from binding energies EB ≃ 2 to 12 eV are due to the
O 2p band. The region from EB ≃ 2 eV to EF is the V
3d band. While the O 2p band shows no clear temper-
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FIG. 2: Valence-band photoemission spectra of
VO2/TiO2(001) thin film. Secondary electron background
has been subtracted.
ature dependence, the V 3d band shows a temperature
dependence, indicating that the MIT occurred between
280 and 300 K.
Figure 3 (a) and (b) shows the UPS spectra of
VO2/TiO2(001) in the V 3d band region taken at var-
ious temperatures. First the temperature was decreased
from 300 K to 150 K, then it was increased again to above
300 K. The spectra showed good reproducibility within
this temperature cycle. The tail of the O 2p band has
been subtracted as shown in Fig. 3 (a) and the resulting
spectra have been normalized to the integrated intensity
from EB = – 0.3 to 2.3 eV, as shown in Fig. 3(b). The
MIT is clearly seen as the change in the spectral inten-
sity at EF accompanied by the spectral weight transfer
between the low binding-energy region EB = 0-0.5 eV
(coherent part) and the high binding-energy region EB
= 0.5-2 eV (incoherent part). The spectra of the films
(Fig. 3(b)) are almost identical to that of the bulk sam-
ple (Fig. 3(c)) except for the somewhat stronger tem-
perature dependence of the film spectra. Because of the
much higher stability of the film surface in vacuum, we
could obtain the spectra with much higher signal-to-noise
ratio at much smaller temperature intervals in the whole
temperature range. Also, the film retained the original
spectra after several temperature cycles whereas the bulk
single crystal broke into pieces once it crossed the MIT.
In the previous study of bulk single crystals,18 detailed
temperature-dependent studies were therefore limited to
the low-temperature insulating phase, where the crystal
did not break. The present temperature dependence in
the insulating phase has reproduced the bulk crystal re-
sults.
Here, we have observed a hysteretic behavior in the
spectra with temperature across the MIT, as demon-
strated by the temperature dependence of the intensity
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FIG. 3: Photoemission spectra of VO2/TiO2(001) thin film in
the V 3d band region. (a) Raw data. Dotted and dot-dashed
lines indicate estimated contributions from the tail the O 2p
band. (b) V 3d band with the O 2p contributions being sub-
tracted. The inset shows a hysteretic behavior of the spectral
intensity around EF across the MIT. (c) Photoemission spec-
tra of a bulk single crystal VO2. Top: Raw data; Bottom:
Background being subtracted.
around EF (integrated from EB = – 0.2 to 0.5 eV) shown
in the inset of Fig. 3 (b). The hysteretic behavior is seen
over the temperature range of ∼ 10 K. This may indicate
the co-existence of metallic and insulating regions with
changing volume fractions in this temperature range.
Photoemission spectra of another system which shows
a first-order temperature-induced metal-insulator transi-
tion, RNiO3, also shows a similarly gradual temperature
dependence.21,22 In the case of RNiO3, the hysteretic
behavior in the transport and thermodynamic proper-
ties extends over a wide temperature range of several
tens K,23 and correspondingly the photoemission spec-
tra show a more gradual temperature dependence over
the wider temperature range.
Recently, it has been demonstrated that photoemis-
sion spectra of transition-metal oxides are strongly influ-
enced by surface contributions. In particular, the inco-
herent part centered aroundEB = 1-1.5 eV contains more
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FIG. 4: (a) Subtraction of “surface” contributions with var-
ious ratios from the photoemission spectrum of the metallic
phase. (b) Comparison of the spectra in (a) with the XPS
spectrum from Ref. 12. Here, the curves in (a) have been
broadened with a Gaussian to account for the lower energy
resolution of XPS.
surface contributions than the coherent part.4,24 Since
the surface layer tends to have a smaller bandwidth W
and hence a larger U/W , the surface layer tends to have
stronger incoherent part and weaker coherent part than
in the bulk.24,25 In order to remove such surface contri-
butions and to analyze the electronic structure of bulk
materials, we attempted to deduce the “bulk” spectrum
in the metallic phase under several assumptions. If the
thickness of the surface layer is d and the photoelectron
escape depth is λ, the observed spectrum F (ω) is given
by
F (ω) = F s(ω)(1− e−d/λ) + F b(ω)e−d/λ, (1)
where F s(ω) and F b(ω) are the “surface” and the “bulk”
spectra, respectively. As the electronic properties of the
surface layer of VO2 are not precisely known, in the fol-
lowing analyses, we consider the extreme case where the
photoemission spectra of the surface layer largely con-
sists of the incoherent part. Therefore, the intensity of
the incoherent part in the “bulk” spectrum deduced be-
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FIG. 5: “Bulk” spectrum is compared with the LDA band-
structure calculation from Ref. 27.
low should be regarded as the lower bound for the actual
bulk one.
Assuming that the spectrum at 280 K (< TMI) repre-
sents the “surface” spectrum, because the photoelectron
escape depth λ is not precisely known, we subtracted
the “surface” contribution with various ratios as shown
in Fig. 4 (a). Here, “20% subtracted” means that the
intensity of the subtracted insulator-like spectrum was
20% of the total intensity. In Fig. 4 (b), we compare the
“bulk sensitive” XPS spectrum in the literature12 with
those spectra in (a) after having broadened them with
a Gaussian function corresponding to the lower experi-
mental energy resolution of XPS (∼ 0.55 eV). One can
see that the XPS spectrum is in best agreement with
“20% subtracted” spectrum. According to the “univer-
sal curve” of the photoelectron escape depth,26 the escape
depth is ∼ 10 A˚ for hν = 21.2 eV and ∼ 15 A˚ for XPS
(hν = 1486.6 eV), respectively. Using the surface layer
thickness of 2c (= 5.7 A˚) on the (001) surface of the rutile
structure, where c is the c-axis lattice constant, the sur-
face contribution is ∼ 44% for hν = 21.2 eV and ∼ 32%
for hν = 1486.6 eV, respectively. Hence, the “20% sub-
tracted” spectrum should have 30% surface contribution
and therefore it is reasonable that the “20% subtracted”
spectrum is in agreement with the XPS spectrum. After
all, we consider that the “bulk” spectrum is given by the
“40% subtracted” spectrum.
IV. DISCUSSION
A. Metallic phase
In Fig. 5, we compare the “bulk” spectrum thus de-
duced with the LDA band-structure calculation.27 The
calculated density of states (DOS) is multiplied by the
Fermi-Dirac distribution function at 350 K and broad-
5ened with a Gaussian corresponding to the instrumental
energy resolution. The width of the coherent part ∼ 0.5
eV is similar to that given by the band-structure cal-
culation. This means that m∗/mb is ∼ 1, where m
∗ is
the average effective mass of the QP and mb is the av-
erage bare band mass of the V 3d band. From the spec-
tral weight ratio of the coherent part to the incoherent
part, 1 : 2, the renormalization factor becomes Z ∼ 1/3.
From the ratio of the intensity at EF of the spectra to
the DOS given by the band-structure calculation, one
can estimate the average k-mass defined by mk/mb =∣∣∂εk
∂k |k=kF
∣∣/
∣∣∂εk
∂k |k=kF +
∂ReΣ(k,ω)
∂k |k=kF
∣∣, asmk/mb ∼ 0.3.
Thus, we again obtain m∗/mb = (1/Z)(mk/mb) ∼ 1.
Note that we have assumed that the surface layer is with-
out the coherent part around EF. If the surface spectrum
has a finite coherent part, the coherent part of the “bulk”
spectrum would be further reduced and the deduced k-
mass would be even smaller. Hence, mk/mb ∼ 0.3 de-
duced here should be taken as the upper limit formk/mb,
and therefore on can safely conclude themk/mb is smaller
than unity. That is, the momentum dependence of the
self-energy is not negligible in the metallic phase of VO2.
Our finding mk/mb < 1 is contrasted with the “bulk”
spectra of Sr1−xCaxVO3 reported by Sekiyama et al.
4 In
their result, the width of the coherent part of the V 3d
band of SrVO3 is reduced by a factor of ∼ 40 % com-
pared with the LDA result, and the spectral weight of
the coherent part is also reduced by ∼ 40% due to the
transfer of spectral weight to the incoherent part, result-
ing in almost the same spectral intensity at EF as that of
the LDA value, that is, the self-energy has negligible mo-
mentum dependence in Sr1−xCaxVO3. The origin of the
momentum dependence of the self-energy in VO2 is not
known at this moment. One possibility is poor screen-
ing of long-range Coulomb interaction, but it is unlikely
that the screening effect is so different between VO2 and
Sr1−xCaxVO3. Another possible origin of the momentum
dependence is ferromagnetic fluctuations in VO2 consid-
ering the enhanced magnetic susceptibility in the metallic
phase, corresponding to m∗/mb ∼ 6 (Ref. 28). Recently,
Liebsch and Ishida29 proposed that the multi-orbital na-
ture of the V 3d band is important to describe the metal-
lic phase of VO2 (Ref. 29,30), following the idea originally
proposed by Zylbersztejn and Mott.31 According to these
works, the occupancy of the t2g orbitals is very different
between the metallic and the insulating phases due to
lattice distortion in the insulating phase and this affects
the role of local Coulomb interaction in each phase. If
many orbitals contribute to the metallic conductivity, fer-
romagnetic correlation may arise from Hund’s coupling
between those orbitals. Further studies are necessary to
confirm this scenario.
B. Insulating phase
As stated in Sec. I, it has been controversial whether
the insulating band gap is primarily caused by the lattice
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FIG. 6: UPS spectrum in the insulating phase (280 K) com-
pared with the LDA+U band-structure calculation (U = 4.0
eV).32
distortion or the electron-electron interaction. In order
address this issue, it is useful to examine the photoemis-
sion spectral line shape of the V 3d band in the insulating
phase.
In Fig. 6, we compare the UPS spectrum of the insu-
lating phase with the DOS given by the LDA+U band-
structure calculation (U = 4.0 eV) by Huang et al.,32
where the effect of electron-electron interaction is taken
into account on the mean-field (i.e. Hartree-Fock) level.
The figure shows that, although the insulating gap can
be produced by the LDA+U method, the Gaussian-like
broad spectrum of V 3d band cannot be reproduced.
This disagreement between theory and experiment can-
not be explained by a surface effect because since the
bulk component should have finite contribution (∼ 60
%) even for this low photon energy and therefore the
sharp feature should be clearly visible overlapping the
surface signals. This means that electron-electron in-
teraction on the mean-field level is not sufficient to un-
derstand the photoemission spectrum of the insulating
VO2. Here, we point out that the photoemission spec-
tra of a double-layer manganite La1.2Sr1.8Mn2O7 also
show a broad Gaussian-like line shape in striking contrast
with LDA band-structure calculation, and this discrep-
ancy has been attributed to the strong electron-phonon
coupling.33 Furthermore, one can recognize that the spec-
tra of VO2 show very strong temperature dependence in
the insulating phase as shown in Fig 3. The same tem-
perature dependence was observed in the spectra of bulk
single crystal and was attributed to electron-phonon in-
teraction, because the core-level spectra also show a sim-
ilarly strong temperature dependence.18
Simple thermal broadening cannot explain the ob-
served temperature dependence as shown in Fig. 7 (a),
where the photoemission spectrum taken at 150 K and
the same spectrum broadened with a Gaussian, whose
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FIG. 7: Comparison of the spectral function of the in-
dependent boson model with the photoemission spectra of
VO2/TiO2(001) in the insulating phase. (a) Spectrum at 150
K and its Gaussian-broadened (FWHM = 200 meV) spec-
trum, (b) Independent boson model calculation, (c) Measured
photoemission spectra [the same as Fig. 3].
FWHM is 200 meV (∼ 8kBT at 300 K) are compared. In
order to simulate the temperature-dependence based on
the electron-phonon interaction mechanism, we introduce
the spectral function of the independent boson model at
finite temperature given by34
A(ω) = e−g(2N+1)
∑
l
gl
l!
l∑
m=0
lCmN
m(N + 1)l−m
×δ(ω − εc +∆− (l − 2m)ω0),
where N is the phonon occupation number, g is the
electron-phonon coupling constant, ω0 is the average
phonon energy, the ∆ = gω0 is the electron self-energy
shift due to coupling to phonons and εc gives the peak
position of the spectra. This spectral function describes
the situation where spectral weight is transfered from
the zero-phonon line at the lowest binding energy εc−∆
to εc − ∆ + (l − 2m)ω0 by emitting (l − m) phonons
or absorbing m phonons. Because this spectral function
consists of a series of delta functions, one has to broaden
this function to compare with the photoemission spectra.
For this purpose, we use a simplified model self-energy
Σ(ω) = Gω/(ω + iγ)2, which simulates the “life time”
broadening which increases with increasing binding en-
ergy.35 In Fig. 7 (b) and (c), we compare the spectral
function of the independent boson model with the pho-
toemission spectra of VO2/TiO2(001) in the insulating
phase. We have chosen the parameters as εc = 1.2 eV,
g = 40 and ω0 = 0.03 eV (Ref. 36) for the independent
boson model and G = 1.5 eV2 and γ = 2 eV for the
broadening. Because the tail of the lower binding energy
side of the photoemission spectrum reaches the vicinity
of EF, we have chosen the coupling constant g so that
εc − ∆ ∼ 0. Hence, g = εc/ω0 ≈ 40. One can see that
the temperature-dependent spectral function of the inde-
pendent boson model qualitatively reproduces the pho-
toemission spectra.
The extremely large coupling constant g = 40 may ap-
pear unphysical at first sight. However, Citrin et al.37
have shown that in ionic crystals the coupling constant
can be large and reported g = 55 for KI based on their
analysis of temperature-dependent core-level photoemis-
sion spectra. They have estimated the value of g using
the expression g = e2(6/piV )1/3(1/ε∞− 1/ε0)/ω0, where
V is the volume of a primitive unite cell, ε∞ and ε0 are
the high- and low-frequency limits of the dielectric con-
stant. For VO2, V ∼ 29.5 A˚
3, ε∞ and ε0 have been given
as 5 and 30 in Ref. 31, respectively. From these values, g
is calculated as ∼ 32. On the other hand, Egdell et al.38
have used 1/2R in stead of (6/piV )1/3 for perovskite-type
V oxides, where R is the ionic radius of the transition-
metal ion. In this case, g becomes as large as 47. (R is
0.82 A˚ for VO2.
36) Hence, we can say that g = 30 − 50
is a reasonable value for the electron-phonon coupling
constant for VO2.
Finally, we comment on how the strong electron-
electron interaction and the strong electron-phonon cou-
pling are related with each other in VO2 (and probably
in other transition-metal oxides as well). In ionic crys-
tals, the on-site Coulomb repulsion energy U is given by
U = e2/2ε∞R. Therefore, according to Egdell et al.’s ex-
pression,38 the large U and the large g is related with each
other though ε∞. This means that the strong electron-
phonon interaction is a consequence of strong electron-
electron interaction.
V. CONCLUSION
We have studied the electronic structure of VO2 by
measuring the photoemission spectra of VO2/TiO2(001)
7thin films. The metal-insulator transition was clearly ob-
served as a change in the spectral intensity at EF accom-
panied by spectral weight transfer between the coher-
ent and incoherent parts of the spectral function. From
comparison of the “bulk” spectrum in the metallic phase
and the band-structure calculation, we have concluded
that, while the mass enhancement factor m∗/mb is al-
most unity, the momentum dependence of the self-energy
is important in the metallic phase, possibly due to ferro-
magnetic fluctuations arising from the multi-orbital char-
acter of the V 3d band. In the insulating phase, the V
3d band is strongly broadened as the temperature is in-
creased. We attribute this temperature dependence to
the electron-phonon interaction and reproduced it using
the independent boson model with a very large coupling
constant. This indicates that, while electron-electron in-
teraction is necessary to produce the band gap in the in-
sulating phase, electron-phonon interaction is important
to fully understand the electronic structure and charge
transport in VO2.
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